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Surface acoustic waves (SAWs) [1] have long been studied and appear in our everyday life in areas ranging from earthquake waves [2] to high-frequency filters [3] with wavelengths covering a range from kilometres to submicrons. A broad area of technological application relies also on the high degree of localization in the vicinity of the wave-carrying surface. Being sensitive to surface layers makes them especially suitable for materials science related measurements of thin films [4, 5] , or gas and liquid phase sensor applications [6] . Typical tools for analysing these waves are optical methods [7] , electron probes [8] , X-rays [9] , and mechanical contact transducers [10] . However, all these methods lack lateral resolution or sensitivity. Through the use of a sub-wavelength probe or source (or both), acoustic wave fields can be mapped with a spatial resolution that is solely determined by the size of the probe. Applying scanning probes to the detection of ultrasound enables us, in principle, to detect acoustic waves with nanometer resolution. A variety of methods have been developed [11] [12] [13] . The obstacle for the detection of ultrasonic (10 MHz-10 GHz) surface phenomena with scanning force microscopy is given by the mechanical frequency limitations of the cantilever. One way of going beyond the frequency range of typically 100 kHz is the excitation of higher harmonics of the cantilever oscillation [14] . To explore the frequency range beyond some 100 MHz, however, different approaches are required. Utilizing the non-linearity of the force-distance curve, or a non-linear interaction in general, opens up new ways of accessing fast phenomena on the nanoscale [15, 16] . Analogous to a crystal radio detector diode which demodulates amplitude-modulated rf signals and delivers the modulation signal in the audible frequency range, the non-linear force-distance mechanical diode The cantilever is, however, unable to respond to the rf surface oscillations directly. At the nonlinearity of the tip-sample interaction, the waves are down-converted and a signal at the difference frequency is extracted, resembling the behaviour of a mechanical diode.
relationship can be used for the demodulation of amplitude-modulated rf surface oscillations resembling a mechanical diode. In addition to this homodyne detection scheme, the phase information can be extracted in a heterodyne scheme by mixing one acoustic wave with a slightly frequency-detuned reference wave at the mechanical diode. This leads to cantilever oscillations at their difference frequency, which is typically chosen to be below the cantilever's resonance frequency. This is the basis for the scanning acoustic force microscope (SAFM). The SAFM has been successfully applied to the measurement of SAW velocities within submicron areas [17] . Its sensitivity towards surface guided modes of any given polarization [18] thus makes it a promising tool for the investigation of elastic properties of thin films and nanopatterned surfaces. The typical experimental approach involves the introduction of two SAWs to the tip-to-sample contact ( fig. 1 ). The SAWs are usually excited by interdigital transducers (IDTs), requiring piezoelectric substrates; however, optical or mechanical excitation schemes are also feasible which do not rely on a piezoelectric substrate. The excitation frequencies are chosen such that the difference frequency of typically 5 kHz is below the mechanical contact resonance of the cantilever, but above the feedback response frequency of the AFM scanner. The cantilevers used for these measurements (thermomicroscopes microlevers) had a free resonance frequency between 15 and 120 kHz and a typical tip radius of curvature of < 20 nm for the sharpened and < 50 nm for the unsharpened tips, respectively. The oscillation of the cantilever in contact mode is measured in constant force mode using the conventional optical beam bounce technique, which makes use of a laser diode and a position-sensitive detector. The deflection signal is then analysed by a lock-in amplifier.
In order to analyze the expected amplitude and phase contrast in SAFM, the nonlinear force acting on the cantilever [19] is approximated by the following power series:
F 0 is the static set-point force, k 1 the linear spring constant, k i higher-order spring constants, and x i the surface displacements due to the SAWs. All odd power terms do not result in measurable cantilever oscillations, since the frequency spectrum of the x i is typically on the order of 10 MHz to about 10 GHz and the resonance frequency of the cantilevers is much smaller. Thus, the first term of interest for SAFM measurements is the quadratic term. With x 1 = A 1 sin(ωt) and x 2 = A 2 sin(ωt) representing two SAWs, the resulting force is
. Again, the fast oscillating rf term cannot be detected by the cantilever, but an additional quasi-static force results, giving rise to the mechanical diode effect. By amplitude-modulating the rf SAW, the low-frequency term can be picked up via a lock-in amplifier delivering the SAW amplitude-proportional SAFM amplitude signal. If two SAWs of different frequency f 1 and f 2 are applied to the contact, terms at the difference frequency ∆f and the sum frequency (f 1 + f 2 ) are found by simply applying sin(a) sin(b) = 1/2[cos(a − b) − cos(a + b)]. Again, the rf term is not accessible, while the term at ∆f delivers the phase information, i.e. the k vectors, employing a lock-in amplifier. For the general case of two arbitrarily propagating SAWs, the cantilever signal is
Thus, the SAFM amplitude signal at the difference frequency, taking an arbitrary but positionindependent non-linear response function into account, yields an amplitude that is independent of the actual position. On the other hand, the phase of the oscillation is given by the difference of the phase arguments of the involved SAWs, i.e. as the phase of the propagating SAWs increases linearly, the spatial evolution of the phase signal will also be linear in space and determined by the k-vectors of the SAWs only [20] . However, this simple model holds solely for the case when there are exactly two waves contributing to the oscillation, which is not the typical situation we are facing in these experiments (e.g., due to scattering effects). Also, strong local force curve differences give rise to an amplitude contrast. Two fundamental wave effects are in the focus of our experiments: scattering and excitation by elementary sources. Due to the capability to measure the wave amplitude with extremely high sensitivity and submicron spatial resolution, elementary surface acoustic wave phenomena are accessible with sub-wavelength spatial resolution for the first time.
For the investigation of scattering phenomena, two 860 MHz IDTs excite Rayleigh-type SAWs that insonify the region under investigation containing a circular scatterer (Au) of 5 µm diameter and 45 nm thickness ( fig. 2(a) ). The substrate is (001) GaAs with the IDTs arranged under an angle of 90
• with respect to each other along [110] directions (see inset in fig. 2(a) ). The advantage of this arrangement over a collinear setup is that it allows the distinction between forward and back-scattered components. For the measurement shown in fig. 2 , the IDT emitting from the top is powered at a 10 dB higher level than the one emitting from the right-hand side. The signature related to this transducer, i.e. the diffraction pattern of the plane wave from the upper transducer due to the Au disk, thus dominates the SAFM amplitude image (see fig. 2(b) ). A very high amplitude (bright feature) is found in the "wave shadow" of this acoustic beam right behind the scatterer. It is accompanied by sharp side minima that also reach around the island. A slightly less intense area of high amplitude surrounds the scatterer, resembling a bow wave. The back-reflected waves also give rise to a series of less intense wave fronts in the vicinity of the scatterer. An intuitive analogy for this behaviour yields a pole in streaming water, giving rise to a wave shadow. It is important to note that this picture is not a snapshot, but an image of the envelope of the actual rf surface oscillation (the scan frequency is 0.2 Hz).
The main contribution to the raw phase signal, shown in fig. 2(c) , is due to the mixing of the two plane waves and shows, ignoring the much smaller scattered wave components, a linear behavior (that appears as a sawtooth signal due to the 2π limit of the lock-in). The phase signal is independent of the relative wave amplitudes that contribute to the mixing signal. A change in slope, i.e. a different phase velocity, is found right at the position of the scatterer. We can now locally determine the SAW phase velocity on the Au island. Indeed, on a similar sample with a collinear arrangement, a wavelength of 3.9 µm is found on the gold pad, whereas the wavelength in the surrounding area is 4.1 µm. With the working frequency of 694 MHz for this sample, the velocities estimate to 2850 m/s for the free surface and 2700 m/s for the gold pad. The theoretical predictions for the free surface and for the surface with a 45 nm gold overlayer are 2867 m/s and 2704 m/s, respectively. Within the measurement uncertainty of about 2% these values agree very well. With a more accurate length measurement (capacitive or interferometric scanner linearisation) the obtainable accuracy would be one order of magnitude better. Especially, the uncertainty in the scan orientation makes the non-collinear measurement more susceptible to a misalignment.
The information related to the scattered wave can better be visualized if the purely wave propagation-related linear phase is subtracted. The resulting phase perturbation image is shown as fig. 2(d) . The origin of these deviations becomes clear, if one assumes that, additionally to the two incident waves, another oscillation is present. A corresponding contribution to the ∆f cantilever oscillation will then be in effect. Apparently, the phase output of the lock-in amplifier becomes meaningless if two signals with different phase terms contribute to the input channel. However, if one contribution is small, as for the case of non-resonant scattering, the phase signal generated by the incident waves will only be slightly deformed, revealing the influence of outgoing scattered components. Figure 2(d) shows that also the low power wave is significantly influenced by the object. In both cases, the scattered waves behind the obstacle obtain a phase lag (large bright and dark areas). As we make use of a difference frequency mixing this becomes apparent with opposite sign for the two propagation directions. Outgoing waves are obtained with a preference for directions 0
• and 90
• off the incident waves. The substrate anisotropy reflects itself in the discontinuous patterns of the phase deviation, as well as the amplitude image. The investigation of elementary SAW sources, like a single electrode pair structure or a half-circular structure, is a crucial problem for understanding and modeling of SAW devices, as well as the local investigation of a solid's elastic properties. Here, elementary sources are investigated by performing a SAFM mixing experiment of the particular elementary source field with a reference SAW field, i.e. an ideal plane wave that is excited by a wide aperture IDT on (001)[110]GaAs. The symmetric single electrode pair source is defined in an electron beam lithography and photolithographic mix-and-match process within a basic delay line structure (f = 397 MHz).
The single finger source is oriented parallel to the propagation vector of the reference SAW field, within the reference beam aperture (see inset in fig. 3(a) ). As the (001) GaAs surface has a fourfold symmetry, the single pair will excite waves of the same polarization and wavelength as the reference field, in case the same frequency is supplied. Note that the single source is an ideal broadband transducer. The preferred direction will of course be 90
• rotated with respect to the reference k-vector, i.e. the direction of maximum electrical field strength within the gap of the source. The imaged area is close to the end of the transducer ( fig. 3(a) ). The middle electrode is connected to an rf generator, whereas the surrounding electrode is grounded.
The amplitude image ( fig. 3(b) ) shows that the wavefield around the finger is strongly modulated due to the interference of different waves launched from the single source and the reference IDT (this will be explained in detail later). A standing wavefield pattern with a periodicity of λ is visible which is tilted by 45
• with respect to the two propagation directions. A very small-amplitude SAW is also launched from the very end of the source towards the reference IDT. The measurement of radiation leaking out of the actual beam path is important for device simulation. In real devices, these effects are referred to as finger-end effects. The phase fronts are roughly circular but no wave is launched under 45
• . This corresponds well with the theory that predicts for the [100] direction a non-coupling Rayleigh-type SAW [21] .
Despite the valuable information one obtains from the amplitude image, it should be pointed out that the physical reason for seeing a local amplitude variation is electrical crosstalk between the transducers. As no standing wavefield is established, one should expect a homogeneous amplitude level, with the exception of the small components launched sideways towards the reference beam. The crosstalk comes into play as high rf amplitudes at one IDT port are received by the other IDT port acting as an antenna, then additionally launching SAWs at this frequency. This leads to an additional contribution to the cantilever oscillation, now with a spatially constant phase, i.e. an amplitude offset. The sum of the two different signals consequently leads to a spatially modulated SAFM amplitude when the signals interfere.
The phase image ( fig. 3(c) ) exhibits a regular phase pattern in areas corresponding to high amplitudes in fig. 3(b) . The source launches counter-propagating waves in directions perpendicular to the incoming SAW. The two waves (note: identical modes), propagating under an angle of 90
• , result in the 45
• tilted phase pattern. The wavelengths of the involved SAWs can be directly extracted from the phase image by simply following the propagation directions of the waves. As the rise of the phase signal is given by the k-vectors of the SAWs, the distance between two phase jumps then equals one wavelength (λ = 7.2 µm). The simulated phase signal ( fig. 3(d) ) was obtained by assuming the wave excitation in the primary wave excitation direction, i.e., perpendicular to the electrodes in the direction of maximum electric field strength. In order to emulate the finger-end effect, we added the contribution of a point source being placed right at the edge of the inner finger.
In order to give a rough estimate of the vertical SAFM resolution for the investigation of this particular structure, the wave amplitude of a similar wave source with 1000 finger pairs (electrically matched) was measured optically at the same input power of 12 dBm to be on the order of 0.1 nm. As the material can be taken to be linear so that the total amplitude is the sum of the individual source amplitudes, the wave amplitude of a single source is about 0.1 pm at best (rather smaller, as the source is not electrically matched). As we still see a clear contrast in the difference phase images of such structures, we conclude that wave-related information, i.e. the SAFM phase, due to sub-0.1 pm surface oscillations is still detectable. It has to be noted that the small-amplitude waves from a single finger pair source cannot be detected by electrical transmission measurements, nor can we extract the exact data directly as we employ a lock-in amplifier. Thus, in-depth experiments are needed to finally confirm the estimated resolution value.
SAFM is a simple yet powerful method for surface acoustic wave investigations with the inherent spatial resolution of scanning force microscopy and an unreached vibration amplitude resolution. To add even more versatility to this technique, wave excitation through the cantilever is under development [22] . SAFM will be especially useful for the refinement of models for SAW devices on piezoelectric materials as they greatly depend on the precise measurement of the SAW reflection properties on metal-substrate step discontinuities. Modern communications devices, like cell phones, greatly rely on SAWs. Their detailed understanding through the study of elementary (single) sources can thus lead to an improvement of their performance. Also, by measuring the phase velocity dispersion of SAWs on the nanoscale, the elastic constants of natural and artificial nanostructures become accessible. Hence, basic materials questions like the influence of size on elastic properties and thus optical characteristics, or the nature of grain boundaries, may be addressed. As a consequence, elastically tailored surfaces and structures may act as templates for controlled materials growth.
